The steady-state levels of all mature transcripts expressed in bacteria and yeast have been cataloged, but we do not yet know the numbers of nascent transcripts and so RNA polymerases engaged on all genes. Such catalogs are presented here. As mRNA levels depend on the balance between synthesis and degradation, we use published data to calculate the numbers of engaged polymerases required to maintain these levels in the face of the known rate of degradation. Most genes, including essential ones, prove not to be transcribed most of the time, and many produce only one message per cell cycle. Some cells even fail to produce an essential message during a cycle, and so must depend on their mother's messages and/or proteins for survival. We speculate that evolution sets the rate of message production so low to conserve energy, minimize transcription-induced mutation, and permit regulation over the widest range. 
The relative numbers of mature mRNAs and their half lives in Escherichia coli growing in Luria broth (LB) or M9 plus glucose (Glc) (which support division every 30 and 90 min, respectively) have been cataloged using microarrays (1) . As mRNA levels depend on the balance between synthesis and degradation, we calculate the numbers of engaged polymerases required to maintain these levels in the face of the known rate of degradation. We first convert relative levels of each mRNA to absolute numbers knowing the total number of all messages in the cell (2) , then calculate how many engaged polymerases are required to maintain these levels using the known rates of transcript elongation (2) and degradation. We also apply this approach to equivalent data from yeast. The results in the form of searchable catalogs and the sources, equations used, underlying assumptions, and validations are presented at http://users.path.ox.ac.uk/ϳpcook/data/catalogs.html. We find that most genes, including essential ones, are not transcribed most of the time; many produce only one message per cell cycle, some less than one.
As microarray data for structural RNA genes (e.g., encoding rRNA, tRNA) are not available, polymerase densities on these bacterial genes are calculated using the known rates of initiation (2) . Values for all bacterial genes are also corrected for gene length and copy number, which depend on genome position and growth rate (2) . We also consider only actively elongating polymerases, but not inactive ones that might be initiating, terminating, or paused on their templates; we also assume that each active polymerase eventually produces a mature message and that none abort to release an unstable transcript that is degraded too rapidly to be detected using a microarray. Even if the amounts of pausing and abortive transcription prove to be significant, they are unlikely to change our values by more than a few fold.
MATERIALS AND METHODS
Sources, equations used, underlying assumptions, and validations are presented at http://users.path.ox.ac.uk/ϳpcook/ data/catalogs.html.
RESULTS

E. coli
Results show that in LB, only three open reading frames (ORFs) are associated with Ͼ0.5 polymerases/ gene, with the most active (sucA) being associated with 0.6. All others are associated with Ͻ0.5 polymerases/ gene (Fig. 1A) , and so fewer than half the copies in the population are being transcribed at any moment. Moreover, many are transcribed rarely (i.e., about once per cell cycle). Thus, an engaged polymerase traverses a typical gene in ϳ20 s (roughly one-hundredth of the cycle), and the mean and median values are in this range (i.e., 0.017 and 0.01 polymerases/gene respectively; Fig. 1A ). In contrast to ORFs, many polymerases are engaged on the 7 rrn cistrons encoding ribosomal RNAs (Fig. 1B) . In nutrient-poor M9 ϩ Glc, biosynthetic capacity switches away from ribosome genesis (2) and the polymerase density on ORFs increases (Fig.  1B) ; polymerases are typically engaged every ϳ24 kbp along the genome in LB and every ϳ8.5 kbp in M9 ϩ Glc (Fig. 1B) . But despite this switch, most ORFs remain associated with few polymerases (Fig. 1 ). This increased transcription of ORFs during slow growth is accompanied by a reduced rate of translation (2), while mean mRNA half-lives in LB and M9 ϩ Glc remain roughly the same (i.e., at 5.2 and 5.7 min, respectively; ref. 1). About 600 genes are essential in LB (3) and so must be transcribed. Only one (sucA) is transcribed more often than not (i.e., associated with Ͼ0.5 polymerase); the rest are again mostly silent, with 295 essential genes being associated with Ͻ0.01 polymerase (Fig. 1A) . In this medium, each cell contains ϳ3 genome equivalents, yet 46 essential genes produce on average less than one message per cycle. If initiation occurs stochastically and follows Poisson statistics, it follows that the probability that all essential genes are transcribed at least once before a cell divides is essentially zero; therefore, most cells must depend for survival on mRNAs and/or proteins made in previous division cycles. [ Results agree with others obtained using very different methods. For example, we calculate that each rrn operon in LB is associated with 35-40 polymerases (Fig.  1B) ; this compares with the ϳ70 closely packed polymerases seen in the "Christmas trees" obtained in micrographs of spread DNA fibers (4). As 2 of the 7 operons can be deleted without affecting growth (5) and as inactive operons are missed in spreads, our value might be expected to be lower as it is an average of densities on both active and inactive operons. Values for ORFs also agree: spreads reveal one engaged polymerase every 10 -20 kbp (4), equivalent to 0.05-0.1 polymerases/gene (genes are typically ϳ1 kbp long and closely packed), and again we would expect our values to be lower. Moreover, relative densities in genes around the rrn operons (not shown) are similar to those seen in spreads (4). In addition, there are simply too few molecules of RNA polymerase in the cell to support transcription at levels more than a few fold higher than we find (see Assumptions and validation at the supporting web site). Finally, the relative numbers of polymerases on the structural RNA genes compared to all the ORFs are known accurately (2) , and our values compare with these.
S. cerevisiae
Holstege et al. (6) similarly cataloged relative numbers of mature mRNAs and their half-lives in S. cerevisiae grown in yeast extract/peptone/dextrose (YPD; doubling time 90 min), and calculated the rate of mRNA production required to maintain those numbers. [Halflives were determined using a temperature-sensitive mutant of the polymerase.] After correcting for copy number and using the known rate of elongation (7, 8) , we calculate polymerase densities that are strikingly similar to those obtained with bacteria (Fig. 1A) . Only 203 of 4942 ORFs (and 51 of 1004 essential ORFs; ref. 9) for which data are available are associated with Ͼ0.5 polymerases, while average and median values are 0.094 and 0.031 (and 0.13 and 0.05 for essential ORFs), respectively (Fig. 1A) . Although each cell contains ϳ1.5 copies of a gene, 21 essential genes produce on average less than one message per cycle, and onequarter of all ORFs are transcribed at a rate less than twice the minimum where a gene is copied once per division cycle (the minimum in this case is ϳ0.007 polymerases/gene ; Fig. 1A) ; as a result, essentially all cells must again depend on their mother's mRNAs and/or proteins for survival (not shown).
DISCUSSION
Using published data obtained from microarrays, we have generated a catalog of the numbers of RNA polymerases engaged on all the genes in bacteria and yeast. We first convert relative levels of each mRNA to absolute numbers knowing the total number of all messages in the cell, then calculate how many engaged polymerases are required to maintain these levels using the known rates of transcript elongation and degradation. We find that most genes, including essential ones, are not transcribed most of the time; many produce only one message per cell cycle, some less than one. As the transcription rate is so low, it follows that cells must depend on their mother's mRNAs and/or proteins for survival.
We might expect genes encoding abundant proteins to be relatively highly transcribed; they are, but the absolute rate is low. For example, each ribosomal protein is present in ϳ1000 copies per bacterial cell growing in LB (2); they are encoded by 1-15 copies/ cell of each of the relevant messages, and these message levels are sustained by only 0.01-0.16 polymerases engaged on each copy of the relevant genes.
Unfortunately, no equivalent data for higher eukaryotes is available, but most so-called "active" polymerase II units are likely to be transcribed as rarely. If one excludes hyperactive units (e.g., chorion and heat shock in flies, globin, and actin in mammals; refs. 10 -13), measured polymerase densities are Ͻ1 (14 -17; reviewed in ref. 18 ). For example, fly genes encoding tubulin B1 and glyceraldehyde phosphate dehydrogenase associate with Ͻ1 polymerase at a time (19) , and even the adenoviral unit-one of the most active in mammals-has only one every 7.5 kbp (20, 21) . Studies of GFP-tagged polymerase II also show that most active human units spend most of their time waiting to be transcribed (22) .
Why is the transcription rate set so low? Why did evolution not select a higher rate coupled to a less frequent translation of a higher number of messages? We can suggest three reasons. First, energy is saved, as fewer mRNAs are made (23) . [Compare, for example, 10 ribosomes making 10 peptides on 10 mRNAs with the same peptide production by 10 ribosomes active on only one message.] Second, mutation is minimized. This follows because cytosine residues in singlestranded transcription bubbles deaminate 140 ϫ more readily than those in double-stranded DNA, and this ensures that the process of transcription is itself mutagenic (24) . Third, polymerase densities can vary from the lowest to the highest possible (i.e., from about one polymerase engaging per cycle to close packing) enabling control over the widest possible range (i.e., from 0.01-10 polymerases per ORF, or ϳ1000-fold; refs. 23, 25). But if only one transcript is made per division cycle, how might a cell respond rapidly to changes in the environment (e.g., in response to stress)? Polymerases frequently contact promoters without going on to produce a mature mRNA (e.g., during abortive initiation), so a rapid response can be achieved by increasing the ratio of productive to nonproductive contacts (26) .
In many current studies it is assumed that expressed genes are active, and so are being transcribed. However, our results show that almost all such genes actually spend much more time not being transcribed. Then, such studies tell us more about the properties of silent genes that have the potential to be transcribed than those of active ones. We also hope these catalogs will prove useful to those studying how gene position affects activity. For example, the copy number of ORFs in the 1 Mbp around the bacterial origin of replication is double that in an equivalent region around the terminus, and the polymerase density is halved to compensate for this (Fig. 1B) . The production of so few messages per cycle is also consistent with findings that gene expression is "noisy" (27) , as some bacteria in the population will contain 0, 1, 2, 3 . . . messages and so express very different numbers of proteins. 
AIMS
The steady-state levels of all mature transcripts expressed in bacteria and yeast have been cataloged, but we do not yet know the numbers of nascent transcripts and so RNA polymerases engaged on all genes. Our aim was to produce such catalogs.
PRINCIPAL FINDINGS
Approach
The relative numbers of mature mRNAs and their half-lives in Escherichia coli growing in Luria broth (LB) or M9 plus glucose (Glc) (which support division every 30 and 90 min, respectively) have been cataloged using microarrays. As mRNA levels depend on the balance between synthesis and degradation, we calculate the numbers of engaged polymerases required to maintain these levels in the face of the known rate of degradation. We first convert relative levels of each mRNA to absolute numbers, knowing the total number of all messages in the cell, and then calculate how many engaged polymerases are required to maintain these levels using the known rates of transcript elongation and degradation. Values are corrected for gene length and copy number, which depend on genome position and growth rate. We also apply this approach to equivalent data from yeast. Results in the form of searchable catalogs as well as the sources, equations used, underlying assumptions, and validations are presented at http://users.path.ox.ac.uk/ϳpcook/data/catalogs.html.
ORFs in E. coli are transcribed rarely
Results show that in LB, only three open reading frames (ORFs) are associated with Ͼ0.5 polymerases/ gene, with the most active (sucA) being associated with 0.6. All others are associated with Ͻ0.5 polymerases/ gene (Fig. 1A) , and so fewer than half the copies in the population are being transcribed at any one time. Moreover, many are transcribed rarely (i.e., about once per cell cycle). Thus, an engaged polymerase traverses a typical gene in ϳ20 s (roughly one-hundredth of the cycle), and the mean and median values are in this range (i.e., 0.017 and 0.01 polymerases/gene respectively; Fig. 1A ). In contrast to ORFs, many polymerases are engaged on the 7 rrn cistrons encoding ribosomal RNAs (Fig. 1B) . In nutrient-poor M9 ϩ Glc, biosynthetic capacity switches away from ribosome genesis, and the polymerase density on ORFs increases (Fig.  1B) ; polymerases are typically engaged every ϳ24 kbp along the genome in LB, and every ϳ8.5 kbp in M9 ϩ Glc (Fig. 1B) . But despite this switch, most ORFs remain associated with few polymerases (Fig. 1) . This increased transcription of ORFs during slow growth is accompanied by a reduced rate of translation, while mean mRNA half-lives in LB and M9 ϩ Glc remain roughly the same (i.e., at 5.2 and 5.7 min, respectively).
Essential ORFs in E. coli are also transcribed rarely
About 600 genes are essential in LB and so must be transcribed. Only one (sucA) is transcribed more often than not (i.e., associated with Ͼ0.5 polymerase); the rest are again mostly silent, with 295 essential genes being associated with Ͻ0.01 polymerase (Fig. 1A) . In this medium, each cell contains ϳ3 genome equivalents, yet 46 essential genes produce on average less than one message per cycle. If initiation occurs stochastically and follows Poisson statistics, it follows that the probability that all essential genes are transcribed at least once before a cell divides is essentially zero; therefore, most cells must depend for survival on mRNAs and/or proteins made in previous division cycles.
Our results are consistent with others
Results agree with others obtained using very different methods. For example, we calculate that each rrn operon in LB is associated with 35-40 polymerases (Fig.  1B) ; this compares with the ϳ70 closely packed polymerases seen in the "Christmas trees" obtained in micrographs of spread DNA fibers. As 2 of the 7 operons can be deleted without affecting growth, and as inactive operons are missed in spreads, our value might be expected to be lower as it is an average of densities on both active and inactive operons. Values for ORFs also agree: spreads reveal one engaged polymerase every 10 -20 kbp, equivalent to 0.05-0.1 polymerases/gene (genes are typically ϳ1 kbp long and closely packed), and we would again expect our values to be lower. Moreover, relative densities in genes around the rrn operons (not shown) are similar to those seen in spreads. In addition, there are simply too few molecules of RNA polymerase in the cell to support transcription at levels more than a few fold higher than we find (see supporting web site). Finally, the relative numbers of polymerases on the structural RNA genes compared to all the ORFs are known accurately, and our values compare with these.
ORFs in Saccharomyces cerevisiae are also transcribed rarely
Holstege et al. similarly cataloged relative numbers of mature mRNAs and their half-lives in S. cerevisiae grown in yeast extract/peptone/dextrose (YPD; doubling time 90 min), and calculated the rate of mRNA production required to maintain those numbers. After correcting for copy number and using the known rate of elongation, we calculate polymerase densities that are strikingly similar to those obtained with bacteria (Fig. 1A) . Only 203 of 4942 ORFs (and 51 of 1004 essential ORFs) for which data are available are associated with Ͼ0.5 polymerases, while average and median values are 0.094 and 0.031 (and 0.13 and 0.05 for essential ORFs), respectively (Fig. 1A) . Although each cell contains ϳ1.5 copies of a gene, 21 essential genes produce on average less than one message per cycle, and one-quarter of all ORFs are transcribed at a rate of less than twice the minimum, where a gene is copied once per division cycle (the minimum in this case is ϳ0.007 polymerases/gene; Fig. 1A) ; as a result, essentially all cells must again depend on their mother's mRNAs and/or proteins for survival (not shown). 
